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involved	 in	methane	production	 in	 cattle.	 The	 link	between	variations	 in	 rumen	microbial	
communities	 and	host	 genetics	has	 important	 applications	 and	 implications	 in	bioscience.	
Having	 the	 potential	 to	 reveal	 the	 full	 extent	 of	 microbial	 gene	 diversity	 and	 complex	
microbial	interactions,	integrated	metagenomics	and	network	analysis	holds	great	promises	
in	this	endeavour.	This	study	investigates	the	rumen	microbial	community	in	cattle	through	








are	found	 in	a	module	(hypergeometric	test,	p	<	10-11).	One	third	of	genes	are	 involved	 in	
methane	 metabolism	 pathways.	 The	 further	 examination	 of	 abundance	 profiles	 across	 8	
samples	 of	 genes	 highlights	 that	 the	 revealed	 pattern	 of	metagenomics	 abundance	 has	 a	
strong	association	with	methane	emissions.	Furthermore,	the	module	is	significantly	enriched	



















As	one	of	 the	most	 complicated	anaerobic	microbial	ecosystems	 in	nature	 [1],	 the	 rumen	














Early	 exploration	 of	 rumen	 microbiology	 was	 mainly	 dominated	 by	 culture-based	
approaches.	Examples	include	the	description	of	well	characterized	rumen	bacteria	based	on	

























Using	 the	 partial	 least	 squares	 analysis,	 20	 and	 49	 microbial	 genes	 were	 found	 to	 be	






• to	develop	an	automatic	 computational	 technique	 to	objectively	determine	 the	
correlation	threshold	used	to	construct	a	condition	specific	co-abundance	network.		
• to	 adopt	 network	 systems	 biology	 approaches	 for	 the	 identification	 of	 key	
biological	mechanisms	associated	the	methane	traits	
The	rest	of	the	paper	is	organized	as	follows.	Section	II	briefly	describes	the	methodology	
and	 datasets	 under	 study.	 The	 detailed	 description	 of	 automatic	 determination	 and	 its	













The	metagenomics	 data	 applied	 in	 this	 research	were	 released	 by	 the	 recent	 studies	














low)	 based	 on	methane	 emissions	 balanced	 for	 breed	 type	 (Aberdeen-Angus	 or	 Limousin	
cross)	and	diet	(CON	or	FOR)	as	depicted	in	Table	I.	DNA	was	extracted	from	rumen	samples	
and	subject	to	qPCR	for	the	16S	rRNA	genes	to	determine	the	abundance	[6].	Sequence	data	










Animal	code	 Breed	 Diet	 Methane	emission	group	 Methane	(kg/DMI)	 FCR	(kg	intake/kg	gain)	
2019N0001	 AA	 CON	 LOW	 7.635	 6.102	
2019N0002	 AA	 CON	 HIGH	 18.137	 6.096	
2019N0003	 LIM	 CON	 LOW	 9.290	 9.327	
2019N0004	 LIM	 CON	 HIGH	 20.130	 8.039	
2019N0005	 AA	 FOR	 LOW	 17.412	 10.381	
2019N0006	 AA	 FOR	 HIGH	 32.415	 6.719	
2019N0007	 LIM	 FOR	 LOW	 19.373	 8.065	





noise	which	 is	based	on	 the	 following	 two	universal	predictions	associated	with	 statistical	
properties	of	the	nearest	neighbor	spacing	distribution	(NNSD)	of	unfolded	eigenvalues,	i.e.	𝑃 𝑠 .	
• The	 NNSD	 of	 any	 random	matrix	 representing	 systems	 largely	 composed	 of	 noise	
closely	 follows	 Gaussian	 orthogonal	 ensemble	 (GOE)	 statistics	 [17],	 [20].	 Let	 N	
represent	 the	 order	 of	 the	matrix,	𝑒$ 	be	 the	 unfolded	 eigenvalue	 and	 	𝑠$ = 𝑒$&' −𝑒$	 𝑖 = 1, 2,3,⋯ ,𝑁 − 1 	denote	 the	 spacing	 between	 consecutive	 eigenvalues	 after	
unfolding.	 It	 has	 been	 shown	 that	 the	 distribution	 can	 be	well	 represented	 by	 the	
Wigner	surmise	[18]	as	described	by	Eq.	(1).	
• For	 a	 non-random	 matrix	 in	 which	 no	 correlation	 between	 nearest-neighbor	
eigenvalues	is	observed,	the	NNSD	tends	to	follow	the	Poisson	distribution	as	shown	





a	 condition-specific	 correlation	 network	 by	 removing	 random	 noise	 in	 an	 objective	
manner	[17].	
𝑃 𝑠 = 𝜋2 ×𝑠×𝑒(4567 8)	 (1)	
𝑃 𝑠 = 𝑒46	 (2)	
	Fig.	 2	 Transition	 between	 GOE	 and	 Poisson	 distributions	 in	 RMT.	 The	 blue	 dotted	 line	 depicts	 the	 GOE	
distribution	while	the	solid	red	curve	represents	a	Poisson	distribution.	The	transition	of	NNSD	between	GOE	


















matrix,	l	 is	an	eigenvalue,	v	 is	 the	corresponding	eigenvector	and	 I	 is	 	 the	n	by	n	 identity	
matrix.	
2.4 Centrality	metrics	
The	 constructed	 network	 was	 further	 analysed	 using	 a	 number	 of	 topological	 metrics	
including	 degree,	 betweenness,	 eigenvector,	 bridging,	 closeness,	 PageRank,	 and	 power	
centralities,	 which	 have	 been	 previously	 applied	 to	 identified	 key	 players	 in	 biological	
processes.	A	brief	definition	of	 eigenvector,	 pagerank	and	power	 centralities	 is	 presented	
below.	A	detailed	description	of	the	rest	of	metrics	can	be	found	in	[23]	and	[24].	
Let	𝐴 ∈ ℝA×A	be	an	adjacency	matrix	associated	with a graph 𝐺 = 𝑉, 𝐸 	representing	a	
network	where	𝑁 = |𝑉|	representing	the	number	of	nodes	in	the	network	and	E is the set of 




𝑐 𝑔$, 𝑔= = (𝑔$; − 𝑔$)(𝑔=; − 𝑔=)I;J'(𝑔$; − 𝑔$)KI;J' (𝑔=; − 𝑔=)KI;J' 	 (3)	
𝑀 − 𝜆𝐼 𝑣 = 0	 (4)	
𝐸𝐶$ = 1𝜆 𝐴$=×𝐸𝐶==∈A PQ 	 (5)	𝑃𝑅$ = 1 − 𝑑𝑁 + 𝑑× 𝐴$=× 𝑃𝑅=𝑁 𝑗=∈A PQ 	 (6)	𝑃𝐶$ = (𝛼 − 𝛽×𝑃𝐶=)𝐴$==∈A PQ 	 (7)	
2.5 Evaluation	metrics	and	software	packages	used	
2.5.1 Chi-square	goodness-of-fit	test	
To	 check	whether	 the	distribution	of	 nearest	 neighbor	 eigenvalues	 spacing	 follows	 the	
Poisson	statistic	as	defined	by	Eq.	(2),	the	Chi-square	(𝜒K)	goodness-of-fit	test	was	applied	





The level of the enrichment of certain trait specific genes was quantitatively expressed by 








The	 computation	 of	 topological	 parameters	 was	 with	 the	 NetworkAnalyzer	 [23]	 and	
CentiScaPe	 [24]	 plugins	 and	 the	 iGraph	 library	 in	 R	 available	 in:	 http://igraph.org/r/doc/.	 The	
construction	 of	 co-abundance	 network	 and	 interaction	 visualization	 of	 networks	 were	
𝑝 = 1 − 𝐾𝑖]4'$JY 𝑁 − 𝐾𝑛 − 𝑖 𝑁𝑛 	 (8)	
achieved	 using	 ExpressionCorrelation	 plugin	 available	 at	
http://www.baderlab.org/Software/ExpressionCorrelation	 and	 Cytoscape	 3.3	 [25]	
respectively.	
3 Results and discussion 
3.1 The	conformity	of	the	co-abundance	network	
To	apply	 the	RMT-based	algorithm	to	determine	a	signal-noise	 threshold	 for	a	matrix,	 the	






have	 been	 tested.	 One	 is	 based	 on	 the	 estimation	 of	 the	 Gaussian	 kernel	 density	 of	 the	
eigenvalue	 spectrum;	 another	 is	 based	 on	 fitting	 the	 cumulative	 eigenvalue	 distribution	














when	 no	 threshold	was	 applied	 (Fig.	 5(a)),	 suggesting	 that	 the	 correlation	matrix	 directly	
derived	 from	 the	 abundance	 data	 failed	 to	 distinguish	 condition	 specific	 relationship	
embedded	 in	 the	 correlation	 matrix	 from	 random	 noise.	 As	 the	 threshold	 is	 increased	
gradually,	the	clear	transition	of	the	NNSD	from	GOE	to	Poisson	was	observed	(Fig.	5	(b)	to	
Fig.	5(d)).	This	was	further	confirmed	when	we	examined	small	eigenvalue	spacings	(<0.003)	
and	 the	 log	 likelihood	of	 the	empirical	NNSD	as	depicted	 in	Figs	6	and	7	 respectively.	 For	
example,	as	shown	in	Fig.	6,	the	percentage	of	small	spacings	approaches	zero	for	threshold	







null	 hypothesis	 that	 the	 data	 are	 governed	 by	 a	 Poisson	 statistic	 was	 accepted	 (𝜒K =84.85, 𝑝 = 0.019)	as	shown	in	Table	II.	
Thus,	the	clear	transition	from	GOE	to	Poisson	statistics	at	the	threshold	of	0.99	was	used	



































co-abundance	 network	 was	 set	 to	 0.99.	 The	 network,	 in	 which	 each	 node	 represents	 a	microbial	 gene	 and	 each	 edge	
indicates	the	correlation	in	their	abundance,	exhibits	a	clear	modular	structure.	The	average	abundance	of	genes	in	top	3	
largest	modules,	i.e.	Modules	A,	B,	and	C,	across	8	samples	were	shown.	The	whole	network	constructed	is	shown	at	the	
bottom	 right.	 The	 red	 triangle	nodes	denote	genes	associated	with	methane	emissions	while	 green	diamond	nodes	are	
microbial	genes	linked	to	feed	conversion	efficiency.	
	
TABLE III THE TOPOLOGICAL FEATURES OF TOP 3 LARGEST MODULES, I.E. MODULES, A, B, AND C. CPL: 
CHARACTERISTICS PATH LENGTH	
Parameters	 Module	A	 Module	B	 Module	C	
Number	of	nodes	 237	 91	 41	
Number	of	edges	 2860	 219	 77	
Network	diameter	 11	 14	 13	
Network	radius	 6	 7	 7	
Network	density	 0.102	 0.053	 0.094	
Clustering	coefficient	 0.621	 0.469	 0.392	
CPL	 3.671	 4.888	 4.449	
Network	centralization	 0.158	 0.082	 0.138	





including	 degree,	 betweenness,	 eigenvector,	 bridging,	 closeness,	 PageRank,	 and	 power	
centralities,	 each	 representing	 a	 process	 by	 which	 a	 node	 might	 influence	 the	 flow	 of	
information	through	a	network	[26].	For	example,	it	has	been	suggested	that	a	node	with	high	
betweeness	often	 referred	 to	bottlenecks	plays	an	 important	 role	 in	maintaining	network	
integrity	 and	 paths	 of	 information	 flow	 [27].	 Pangrank	 centrality	 can	 be	 used	 to	 identify	
important	nodes	of	low	degree	[28].	Peng	and	Schork	[29]	explored	the	application	of	network	
centrality-based	analysis	 to	 the	 identification	of	potential	 therapeutic	 targets	 for	a	 tumor.	
They	highlighted	that	eigenvector	centrality	has	the	potential	to	reveal	genes	that	could	serve	
































metrics	 on	 the	 co-abundance	 similarity	 network	 overlaped	 with	 KEGG	 pathways.	 We	















Centrality		 KO00680	 KO01100	 KO01110	 KO01130	 KO02010	 KO01120	 KO01230	 KO01200	
Degree	 0	 10	 7	 3	 2	 2	 5	 1	
Betweeness	 0	 14	 7	 6	 3	 2	 4	 2	
Eigenvzector	 0	 9	 6	 2	 2	 1	 4	 0	
Bridging	 0	 18	 7	 6	 3	 3	 4	 0	
Closeness	 0	 9	 9	 5	 2	 2	 5	 0	
PageRank	 0	 12	 7	 4	 3	 1	 4	 0	
Power	
Centrality		
0	 14	 8	 7	 0	 2	 4	 1	
Module	B	
Centrality		 KO00680	 KO01100	 KO01110	 KO01130	 KO02010	 KO01120	 KO01230	 KO01200	
Degree	 7	 11	 2	 2	 0	 8	 2	 7	
Betweeness	 5	 9	 0	 0	 0	 6	 1	 5	
EigenVector	 5	 8	 1	 1	 0	 6	 2	 5	
Bridging	 7	 8	 0	 0	 0	 7	 0	 3	
Closeness	 4	 6	 0	 1	 0	 5	 1	 3	
PageRank	 3	 9	 2	 2	 0	 4	 2	 3	
Power	
Centrality		
5	 7	 1	 1	 0	 5	 0	 4	
Module	C	
Centrality		 KO00680	 KO01100	 KO01110	 KO01130	 KO02010	 KO01120	 KO01230	 KO01200	
Degree	 0	 1	 1	 0	 0	 0	 0	 0	
Betweeness	 0	 2	 1	 1	 0	 1	 0	 0	
EigenVector	 0	 1	 1	 0	 1	 0	 0	 0	
Bridging	 0	 1	 0	 1	 0	 1	 0	 0	
Closeness	 0	 2	 1	 1	 1	 1	 	 	
PageRank	 0	 2	 1	 0	 0	 1	 0	 0	
Power	
Centrality		
0	 4	 2	 1	 0	 5	 0	 0	
*KO00680:	Methane	metabolism;	 KO01100:	Metabolic	pathways;	 KO01110:	 Biosynthesis	 of	 secondary	
















among	 these	 35	 genes,	 K00400	 involved	 in	 Methane	 metabolism	 pathway	 (ko00680)	 is	
ranked	 at	 the	 top	 in	 terms	 of	 5	 centrality	 metrics	 used	 (degree:	 5;	 closeness:	 0.0029;	
betweenness:	2005.81;	eigenVector:	0.050;	and	bridging	centrality:	160.36).	
TABLE	VI	THE	TOP	10	GENES	IN	THE	SUB-REGION	IN	FIG.	4	RANKED	BY	7	CENTRALITY	INDEXES	
Ranking	 Degree	 Betweenness	 Bridging	 Closeness	 Eigenvector	 pagerank	 Power	
1	 K00400	 K00400	 K00400	 K00400	 K00400	 K03044	 K00584	
2	 K00577	 K00581	 K00581	 K00581	 K00581	 K07041	 K00201	
3	 K02007	 K03045	 K06174	 K02930	 K02007	 K14128	 K02322	
4	 K14128	 K02930	 K04076	 K00577	 K00577	 K00400	 K00399	
5	 K03044	 K02122	 K02930	 K14128	 K13812	 K02007	 K04076	
6	 K00581	 K00577	 K00203	 K03045	 K02930	 K00577	 K06932	
7	 K03045	 K04076	 K03045	 K02007	 K00672	 K03045	 K00441	
8	 K00672	 K06174	 K02122	 K00672	 K14128	 K02322	 K11600	
9	 K07041	 K02007	 K00577	 K13812	 K00441	 K13525	 K14123	
























K00123	 0.092	 0.250	 0.002	 EC:1.2.1.2	formate	dehydrogenase	
K00200	 0.058	 0.154	 0.002	 EC:1.2.99.5	
formylmethanofuran	
dehydrogenase	K00201	 0.066	 0.181	 1.1E-06	














K00581	 0.035	 0.102	 0.006	
K00584	 0.035	 0.106	 0.011	




K00401	 0.069	 0.185	 0.025	
K00402	 0.035	 0.101	 0.017	
K00440	 0.032	 0.083	 0.042	 EC:1.12.98.1	
coenzyme	F420	
hydrogenase	K00441	 0.016	 0.047	 0.029	
K03388	 0.117	 0.334	 0.002	 EC:1.8.98.1	






genes	 in	 Module	 B	 have	 a	 strong	 association	 with	 methane	 emission.	 Nearly	 one	 third	
microbial	genes	grouped	in	Module	B	are	involved	in	methane	metabolism	pathway.	There	










activities.	 This	 study	 investigated	 the	 rumen	 microbial	 community	 in	 cattle	 through	 the	





the	 network	 exhibits	 a	 highly	 modular	 structure	 with	 each	 module	 well	 separated.	 The	
involvement	of	KEGG	pathways	in	each	module	was	analysed	and	compared.	A	close	look	at	
the	 abundance	 profiles	 highlights	 that	 two	 modules	 i.e.	 Modules	 B	 and	 C	 are	 strongly	
associated	 with	 methane	 emissions	 and	 feed	 conversion	 efficiency	 respectively	
(hypergeometric	test,	p	<	10-6).	
This	 study	 contributes	 to	 the	 development	 of	 automated	 computational	 methods	 to	
supporting	the	identification	of	functional	modules	of	microbial	genes	through	integration	of	
metagenomics	and	network-based	approaches.	Given	that	the	association	between	microbial	





















and	 the	 constituting	 components	 of	 a	 metagenomics	 research,	 that	 could	 be	 refined	 by	
means	of	further	introduced	community	specific	standards.	Hence,	we	will,	in	the	course	of	
the	 project	 runtime,	 elaborate	 on	 the	 comprehensive	 representation,	 integration	 and	
validation	of	introduced	standards	into	the	OAIS	information	Model	by	means	of	technologies	






An	 important	 part	 of	 our	 future	 research	 is	 to	 investigate	 direct	 associations	 between	
variables	by	calculating	partial	correlation	and	its	impact	on	the	network	modular	structure	
[36],	 [37].	Another	potential	direction	of	the	future	research	 is	 to	explore	the	potential	 to	
detect	critical	states	of	key	players	associated	with	methane	emission	[38].	
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